Abbreviations
=============

CEL

:   chronic eosinophilic leukemia

Dox

:   doxycycline

DUSP

:   Dual-specificity phosphatase

EGR-1

:   Early growth response protein 1

ERK

:   extracellular signal regulated kinase

FDR

:   false discovery rate

F/PDGFRα

:   FIP1L1-PDGFRα

FRT

:   Flp recombinase target

HES

:   hypereosinophilic syndrome

IRF-1

:   Interferon regulatory factor 1

PDGF

:   platelet-derived growth factor

PI3K

:   phosphatidyl-inositol-3-kinase

PLC

:   phospholipase C

MAPK

:   mitogen activated protein kinase

MEN

:   minimal essential network

OSM

:   oncostatin M

RRHO

:   rank-rank hypergeometric overlap

RRSP

:   rank-rank scatter plot

SDEG

:   significantly differentially expressed genes

STAT

:   signal transducer and activator of transcription

RTK

:   Receptor tyrosine kinase

TKI

:   Tyrosine kinase inhibitor

Introduction {#s0001}
============

FIP1L1-PDGFRα (F/PDGFRα) was identified in patients with chronic eosinophilic leukemia.[@cit0001] A deletion of approximately 800 kb on 4q12 results in the fusion of *FIP1L1*, a pre-mRNA interacting factor, to the catalytic domain of the class III receptor tyrosine kinase PDGFRα. The in-frame fusion event leads to the generation of a constitutively active kinase. F/PDGFRα lacks the entire extracellular and transmembrane region of PDGFRα, inevitable domains that enable membrane localization of the PDGF-receptor protein. Deletion of the transmembrane domain and juxtamembrane region of PDGFRα impairs the autoinhibitory function of this membrane proximal part, causing the constitutive activation of F/PDGRα.[@cit0003]

The full length PDGFRα has been studied in great detail and a multitude of tyrosine residues (720, 754, 762, 768, 988 and 1018) have been identified as autophosphorylation sites[@cit0004] and recruitment of downstream signaling molecules to these motifs has been experimentally confirmed. Tyrosine residues Y^572/574^ have been described as docking sites for signaling molecules such as Src kinases[@cit0008] as well as STAT factors in the context of the closely related PDGFRβ.[@cit0010] Y^720^ was shown to interact with SHP-2[@cit0004] and thereby activates the MAP-kinase cascade. Y^731^ and Y^742^ have been identified as recruitment site for PI3-kinase.[@cit0012] Y^1018^ and Y^988^ have been shown to mediate association with PLC-γ1[@cit0005] and cCbl.[@cit0013] Finally, Y^849^ an autophosphorylation site in the activation loop, is required for kinase activity.[@cit0014] To our knowledge, Y^849^ has not been described to recruit downstream signaling molecules.

Interestingly oncogenic fusion proteins do not always mirror the signaling behavior of their full length counterpart. For example, Tel-PDGRβ and PDGFRβ signal differently[@cit0016] and Hip-PDGFRβ transforms through different pathways than native PDGFRβ.[@cit0017]

Here, we show that F/PDGFRα has a modulated signaling capacity compared to PDGFRα: On one hand, F/PDGFRα has a selective defect for activation of the PI3/Akt-pathway which is localization dependent. Other membrane-associated signaling processes (MAPK/Erk-pathway) can be enhanced by forced membrane association. On the other hand, F/PDGFRα potently phosphorylates the STAT factors STAT1, STAT3 and STAT5 via a non-canonical mechanism as it does not require Janus kinase activity.

Results {#s0002}
=======

PDGFRα wild type (PDGFR**α**-wt) and oncogenic FIP1L1-PDGFRα (F/PDGFR**α**) have different signaling patterns {#s0002-0001}
-------------------------------------------------------------------------------------------------------------

In this study, we aimed at comparing the signaling capacities and transcriptional responses of oncogenic F/PDGFRα with those of the wild type PDGFα-receptor. Activation of the PDGFRα kinase domain leads to activation of various downstream signaling molecules such as phosphatidylinositol (PI3) kinase, PLCγ and Ras/mitogene-activated protein kinase (MAPK) pathways. Hence, we addressed the question whether F/PDGFRα just represents a constitutively active form of the wild type PDGFRα or whether the chimeric F/PDGFRα kinase has different signaling properties.

As overexpression of receptor tyrosine kinases in conventional expression systems generally leads to ligand-independent auto-activation,[@cit0018] we used a cellular system which has been successfully used to study the behavior of oncogenic tyrosine kinases.[@cit0019] This cellular system is based on the site-specific integration of genes of interest at a defined genomic locus (Flp recombinase target site, FRT) and reduces the risk of generating artifacts due to stochastic transgene incorporation. Stable isogenic transfectants were generated by insertion of cDNAs (encoding PDGFRα-wt, F/PDGFRα or related mutants) into the FRT-site in the parental host cell line. Protein expression is under control of a tetracycline-inducible hybrid CMV/TetO2 promoter and is thus initiated by the addition of doxycycline (Dox). This facilitates the comparison of the signaling capacity of different proteins on a genetically identical background and circumvents cellular alterations which can emerge due to constitutive expression of oncogenic kinases. We have previously used the 293-FR system to investigate the signaling behavior of PDGFRα mutant proteins found in gastrointestinal stromal tumors (GIST). We also showed that the 293-FR-PDGFRα-wt cells reproduce the signaling characteristics of the wild-type PDGFRα if compared to fibroblasts with endogenous expression of wild type PDGFRα.[@cit0020]

Induction of protein expression with doxycycline (Dox) was generally performed for 14--18h in order to allow receptor levels to stabilize. Stimulations of the wild type receptor with PDGF-AA were usually performed for 14--18h (in parallel to doxycycline induction) in order to facilitate the comparison of the wild type signals with those of the constitutively active mutants. Stimulation with PDGF-AA for 1h was additionally included for the wild type protein to monitor putative transient signaling events.

For comparison purposes, we included an additional oncogenic mutant of the PDGFRα. This mutant, PDGFRα-D^842^V, is found in patients with gastrointestinal stromal tumors (GIST) and contains a single activating point mutation.[@cit0021] We use this mutant protein as a control, since it represents another oncogenic PDGFRα mutant, which still contains all domains, including the extracellular and transmembrane region of PDGFRα, in contrast to F/PDGFRα.

First we assessed the stimulation kinetics of the wild type receptor. [**Figure 1A**](#f0001){ref-type="fig"} shows that our experimental system enables the control of RTK activation: Expression of the PDGFRα *per se* does not activate any downstream signaling ([**Fig. 1A**](#f0001){ref-type="fig"}, lanes 1 and 2) and stimulation with PDGFAA leads to the activation of downstream molecules (lanes 3--6). As expected PDGFRα wild type is a strong inducer of AKT and ERK phosphorylation and the signal persists for longer periods (up to 18h investigated). Unlike PDGFRα wild type, F/PDGFRα completely fails to activate AKT (lane 8) under comparable conditions. Both the wild type receptor and F/PDGFRα activate ERK1/2. It must be noted that activation of the wild-type receptor leads to a much weaker phosphorylation of the receptor (lanes 3--6 vs 8), even at saturating concentrations of PDGF-AA as used here. In addition, we observe higher protein levels for F/PDGFRα compared to the wild-type PDGFRα (see also [**Fig. 2C**](#f0002){ref-type="fig"}). We therefore quantified the expression levels of PDGFRα-mRNA in the PDGFRα-wt and F/PDGFRα cell lines. [**Figure 1B**](#f0001){ref-type="fig"} shows that the mRNA levels are comparable in both cell lines and do not reflect the observed differences in protein expression. This suggests that the increased protein levels and hyperphosphorylation of F/PDGFRα (and also PDGFRα-D^842^V, see [**Fig. 2C**](#f0002){ref-type="fig"}) are part of the oncogenic phenotype of these mutant proteins. Figure 1.Wild type PDGFRα and oncogenic F/PDGFRα have different signaling patterns. (**A**) Stable isogenic FRT-cell lines, inducibly expressing PDGFRα or F/PDGFRα were treated with 5 ng/ml doxycycline (Dox) for 18 h. For induction of ligand-induced tyrosine kinase activity, PDGFRα-wild type cells were stimulated with PDGF-AA for the indicated time points. Cellular lysates were analyzed by immunoblotting and stained with phospho-specific antibodies for pPDGFRα, pAKT and pERK1/2. After stripping, the respective membranes were re-probed with polyclonal sera against PDGFRα, AKT and ERK1/2. Finally, blots were counterstained for tubulin (one representative is displayed) to confirm equal loading of the samples. One representative experiment of at least 5 biological replicates is shown. (**B**) Real-time PCR analysis showing the mRNA expression levels of PDGFRα-wt and F/PDGFRα. mRNA was isolated from the corresponding FRT cell lines after treatment with doxycycline for 14h. PDGFRα expression levels are given as normalized relative quantity (NRQ) to the reference genes. A two-way ANOVA with Sidak\'s test for multiple comparison was used to assess statistical significance (ns: not significant; number of experiments: PDGFRα WT: n = 7; PDGFRα WT (1 h PDGFAA): n = 3; PDGFRα WT (14 h PDGFAA): n = 7; F/PDGFRα (n = 3). Statistical significance was set to 0.05. Figure 2.Signaling characteristics of F/PDGFRα. (**A**) Schematic representation of the PDGFRα derived mutant proteins. Δ(F/PDGFRα): Region of PDGFRα deleted in the F/PDGFRα fusion protein. It thus misses the extracellular and transmembrane domains as well as the amino acids 549--578 which contain the Src kinase and potential STAT5 recruitment site; ECD: extracellular domain, TM: Transmembrane region, KD: kinase domain, MEM: membrane targeting tag. (**B**) Membrane recruitment mediated via the generated MEM-tag. MEM-GFP and GFP were stable expressed in 293FR cells and their localization was monitored using live cell confocal microscopy. (**C**) Influence of cellular localization of PDGFRα-proteins on "conventional" PDGFRα signaling. Expression of the *gene of interest* was induced with 5ng/ml doxycycline for 14 h. PDGFRα cells were stimulated with PDGF-AA for the indicated times. Activation of PDGFRα, PLCγ, AKT, ERK1/2 and p38 was assessed by Western blot analysis. One representative experiment of at least 3 biological replicates is shown. (**D**) Ubiquitination of PDGFRα-wt and mutant proteins. The stable cell lines were co-transfected with an HA-ubiquitin expression plasmid and the expression of the PDGFRα, F/PDGFRα and MEM-F/PDGFRα was induced under serum reduced conditions (1% FBS) for 14 hours. Proteasome inhibitor MG132 (10 mM) was added 2 h prior to lysis and PDGF-AA stimulation was performed 1 h prior to lysis. The PDGFRα-wt and mutant proteins were precipitated from the cell lysates using an anti-PDGFRα antibody. HA-ubiquitin and PDGFRα were detected by western blot analysis. One representative experiment of 3 biological replicates is shown.

AKT activation is highly dependent on spatial localization of F/PDGFR**α** {#s0002-0002}
--------------------------------------------------------------------------

Since the oncogenic signaling pattern induced by F/PDGFRα differs from "conventional" PDGFRα-signaling, we further investigated the causes for this striking difference. The cytoplasmic localization of F/PDGFRα[@cit0022] could offer an explanation for the differences in signaling compared to the integral membrane proteins, i.e. the wild-type PDGFRα receptor and the oncogenic PDGFRα-D^842^V mutant. Thus, we additionally generated a membrane-attached form of F/PDGFRα (MEM-F/PDGFRα) ([**Fig. 2A**](#f0002){ref-type="fig"}). Membrane targeting capacity of the MEM-tag was verified by comparing the localization of MEM-tagged with non-tagged GFP protein using confocal microscopy ([**Fig. 2B**](#f0002){ref-type="fig"}).

We then monitored the signaling capacities of MEM-F/PDGFRα and compared them with those of the F/PDGFRα, PDGFRα-wt and the PDGFRα-D^842^V mutant ([**Fig. 2C**](#f0002){ref-type="fig"}). We demonstrate that F/PDGFRα cannot exploit the maximal signaling capacity of the constitutively active PDGFRα-kinase-domain. If compared to PDGFRα-D^842^V ([**Fig. 2C**](#f0002){ref-type="fig"}, lane 1) or the membrane-targeted MEM-F/PDGFRα (lane 6), F/PDGFRα (lane 5) shows absent AKT and strongly reduced MAPK (ERK1/2 and p38) activation. In fact we cannot detect a clear activation of p38 via F/PDGFRα or the wild type PDGFRα protein at these time points (lane 5; lanes 2 to 4), but membrane-association of MEM-F/PDGFRα can augment p38 activation. Membrane localization of F/PDGFRα thus seems to be crucial for inducing the PI3-kinase/AKT-pathway activation. Our data clearly show that the cytoplasmic localization of F/PDGFRα impairs AKT activation and does in addition not allow F/PDGFRα to fully exploit its capacity concerning MAPK activation. However, we find that activation of PLCγ is not altered by forced membrane localization of F/PDGFRα. In addition, F/PDGFRα shows a more prominent activation of PLCγ compared to the stimulated wild type receptor (lanes 3, 4 and 5). Notably, the differences in signaling via the wild-type PDGFRα cannot be explained by the observation of lower protein levels as PDGFRα-wt is able to activate the AKT pathway to a level which is comparable to PDGFRα-D^842^V and MEM-PDGFRα (lanes 3 and 4 vs 1 and 6), whereas AKT activation is reduced to cellular background levels in F/PDGFRα cells (lane 2 vs 5).

Reduced ubiquitination of F/PDGFRα is not caused by cytoplasmic localization {#s0002-0003}
----------------------------------------------------------------------------

In contrast to PDGFRα-wt the F/PDGFRα fusion protein has been reported to escape ubiquitination.[@cit0023] As we observed increased protein levels of F/PDGFRα- compared to PDGFRα- wt, (although mRNA levels were comparable), we were interested in mechanisms that could contribute to the observed differences in protein levels. Since down-regulation of active receptors could be of therapeutic interest, we further investigated if the reduced ubiquitination of F/PDGFRα could be a result of the altered protein localization. Therefore HA-ubiquitin was co-expressed with PDGFRα or F/PDGFRα and ubiquitination of the PDGFRα proteins was assessed. [**Figure 2D**](#f0002){ref-type="fig"} shows that PDGF-AA stimulation induces poly-ubiquitination of wild type PDGFRα. On the other hand, both F/PDGFRα and MEM-F/PDGFRα showed reduced ubiquitination. We can thus confirm that ubiquitination of F/PDGFRα is reduced but we additionally show that mere membrane localization is not sufficient to restore poly-ubiquitination as observed for activated PDGFRα wild type. The reduced ubiquitination of F/PDGFRα may thus at least partially contribute to the increased protein levels compared to wild-type PDGFRα.

Activation of STAT factors is a hallmark of oncogenic PDGFR**α**-mutant signaling and induces nuclear translocation and DNA binding of STAT1, STAT3 and STAT5 {#s0002-0004}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

RTKs such as PDGFRβ and PDGFRα have previously been described to induce the activation of STATs.[@cit0010] We thus compared the capacity of different PDGFRα proteins to activate STAT transcription factors. Most interestingly we found that only the oncogenic mutants were capable of inducing a strong and prolonged activation of STAT1, STAT3 and STAT5 ([**Fig. 3A**](#f0003){ref-type="fig"}). In contrast, neither long- nor short-term PDGF-AA stimulation of PDGFRα-wt induced significant STAT activation in the same setting, although strong activation of AKT and ERK1/2 could be observed at the same time ([**Figs. 2C**](#f0002){ref-type="fig"} vs **3A**). In order to confirm our observation that the wild-type PDGFRα is *per se* a very poor inducer of STAT phosphorylation, we stimulated primary human fibroblasts with PDGF-AA and monitored STAT activation in comparison to cells stimulated with the IL-6-type cytokine OncostatinM ([**Fig. 3B**](#f0003){ref-type="fig"}). As expected, OSM induced a strong phosphorylation of STAT1, STAT3 and STAT5. In comparison, the wild-type PDGFRs stimulated with PDGF-AA did not lead to a significant activation of STAT factors. We previously showed that if at all detectable, this STAT activation by PDGFRα is weak and very transient.[@cit0020] In addition, PDGF-AA stimulation only led to a very transient and weak activation of p38. These findings confirm the signaling pattern observed in our model cell line. Figure 3.Unconventional signaling initiated via oncogenic F/PDGFRα. (**A**) Stable 293FR-PDGFRα-wt and -mutant cell lines were treated with doxycycline for 14 h and PDGFRα wild type cells were additionally treated with PDGF-AA for the indicated times. Activation and expression of STAT1, STAT3 and STAT5 was assessed by Western blot analysis. One representative experiment of at least 3 biological replicates is shown. (**B**) Primary NHDF cells were treated with the indicated concentrations of PDGF-AA and OSM for the indicated times and phosphorylation of PDGFR, STAT1, STAT3, STAT5, AKT, ERK1/2 and p38 was monitored by Western blot analysis. A representative tubulin staining was added, showing comparable protein amounts in the samples. One representative experiment of at least 3 biological replicates is shown. (**C**) 293-FR-PDGFRα stable cell lines were treated as described for (**A**). Nuclear extracts were prepared and the formation of STAT5-DNA complexes was analyzed by Electrophoretic Mobility Shift Assay (EMSA) using a β-casein oligonucleotide. The identity of the STAT5/DNA complex was verified by super-shifting the STAT5 band using a STAT5 antibody. One representative experiment of 3 biological replicates is shown. (**D**) 293-FR-PDGFRα stable cell lines were treated as described for (**B**) and the formation of STAT1/STAT1-, STAT1/STAT3- and STAT3/STAT3-DNA complexes was analyzed by EMSA using an SIE oligonucleotide. As a control for the formation of the different STAT1 and STAT3 complexes HepG2 cells were treated with Oncostatin M and analyzed on the same gel. One representative experiment of 3 biological replicates is shown.

Next we studied whether the constitutively phosphorylated STATs concomitantly translocate to the nucleus and are capable to bind DNA. Therefore we prepared nuclear extracts from cells expressing F/PDGFRα, PDGFRα-D^842^V or PDGFRα-wt cells stimulated with PDGF-AA for the indicated time periods. First, we performed an electrophoretic mobility shift assay (EMSA) to investigate the binding of STAT5 to an oligonucleotide whose sequence was derived from the β-casein promoter ([**Fig. 3C**](#f0003){ref-type="fig"}). By super-shifting the STAT5-DNA-complex using a STAT5 antibody, we confirmed the specificity of the obtained signal. Our results show that DNA binding competent STAT5 translocates to the nucleus in cells expressing oncogenic PDGFRα mutants. We then performed a similar experiment in order to investigate DNA binding of STAT1 and STAT3 ([**Fig. 3D**](#f0003){ref-type="fig"}). DNA binding was investigated using an SIE oligonucleotide which allows the detection of STAT1/1 and STAT3/3 homodimeric- as well as STAT1/3 heterodimeric-DNA complexes. As a control, we used Oncostatin M (OSM)-stimulated HepG2 cells showing the formation of the homo- and heterodimers of STAT1 and STAT3. Again, we found that only the oncogenic PDGFRα-mutants were able to induce DNA binding of STAT1 and STAT3. We found the STAT1/1 and STAT1/3 species to be predominantly formed whereas the STAT3/3 complex was hardly detectable. This indicates that the phosphorylated STAT3 is primarily included in STAT1/STAT3 heterodimers. In addition, the comparison with OncostatinM (OSM)-induced STAT activation shows that the extent of STAT activation via F/PDGFRα is comparable to cytokine-induced signals ([**Fig. 4A**](#f0004){ref-type="fig"}, lanes 2 vs. 6). We could thus demonstrate that the phosphorylation of all 3 STAT factors leads to their nuclear translocation. This clearly suggests that STAT factors contribute to the expression of a modified transcriptional network compared to conventional PDGFRα-wt signaling. Figure 4.STAT phosphorylation by F/PDGFRα does neither depend on Janus kinase nor Src kinase activity. (**A**) Janus kinase activity is not required for F/PDGFRα-mediated STAT5 activation. 293FR-cell lines either stably expressing F/PDGFRα or lacking the persistently activated protein (parental cells) were treated with doxycycline (5ng/ml) for 8h. Simultaneously, the pan-JAK inhibitors JAK inhibitor I (JI-I) or INCB-018424/Jakafi® (INCB; 1 μM) were administered to prevent Jak activation. As a control for Janus-kinase mediated STAT-activation, the parental 293FR-cells were pretreated with inhibitors for 8h and additionally stimulated with OSM (25 ng/ml) for 30 min. Activation of pSTAT1, pSTAT3 and pSTAT5 was assessed by Western blot analysis. One representative experiment of at least 3 biological replicates is shown. (**B**) STAT activation by oncogenic PDGFRa proteins does not require Src kinase activity. MEF cells lacking the Src family kinases Yes and Fyn (SRC++ cells) or lacking Src, Yes and Fyn (SYF cells) were transfected with empty vector (mock) or expression plasmids encoding for F/PDGFRα or PDGFRα-D842V. After 48 h, phosphorylation of STAT1, 3 and 5 was monitored by Western blot analysis. A representative tubulin staining is added, showing comparable protein amounts in the samples. One representative experiment of 3 biological replicates is shown.

STAT activation via F/PDGFR**α** is independent of Janus kinases (Jak) and Src kinases {#s0002-0005}
--------------------------------------------------------------------------------------

With regard to developing alternative therapeutic strategies it is paramount to investigate the molecular mechanisms that govern STAT activation via F/PDGFRα. Identifying or excluding the contribution of upstream mediators is crucial as it is known that the activation mechanism of STAT factors by oncogenic kinases can significantly differ. Canonical STAT activation occurs via the activation of upstream Janus kinases. In part, Janus kinase activation has also been implicated in RTK-dependent activation of STAT factors. However, the reports concerning the involvement of Jaks in RTK signaling are conflicting[@cit0027] and thus we wanted to assess whether Jak-activation is required for F/PDGFRα-mediated STAT activation. We selected 2 different pan-JAK-inhibitors that are effective in the nano-molar range: Jak Inhibitor I (JI-I) and Jakafi™/Ruxolitinib (INCB018424). The latter inhibits JAK1, JAK2 and JAK3 with IC50 of 2.7 nM, 4.5 nM and 322 nM (values determined by *in vitro* kinase assays) respectively and received FDA approval for the treatment of myelofibrosis.

We treated F/PDGFRα-expressing cells with both inhibitors and monitored downstream activation of STAT1, STAT3 and STAT5 ([**Fig. 4A**](#f0004){ref-type="fig"}). In order to avoid potential cooperative effects between Jaks and F/PDGFRα at the onset of signaling, we administered the TKIs in parallel to the induction of F/PDGFRα expression. As a control for Jak-mediated STAT activation, we stimulated the parental cell line 293FR with OSM in the presence or absence of the inhibitors (lanes 6 to 8). We show that OSM-mediated STAT activation is totally abrogated in the presence of both inhibitors (lanes 7,8). In stark contrast, treatment of F/PDGFRα cells with Jak Inhibitor-I (JI-I) or INCB-018424 (INCB) did not disrupt constitutive STAT1, STAT3 and STAT5 activation in these cells (lanes 3,4). This demonstrates that Jak activation is not required for F/PDGFRα-mediated STAT activation.

As Src kinases have also been reported to be involved in the oncogenic activation of STAT factors,[@cit0029] we investigated whether these kinases could be involved in STAT activation via mutant PDGFRα proteins. For this, we expressed both F/PDGFRα and the GIST mutant PDGFRα-D^842^V in MEF cells expressing the Src kinase (Src++ cells, Yes and Fyn deficient) or lacking expression of all Src kinases (SYF cells, Yes, Fyn and Src deficient). [**Figure 4B**](#f0004){ref-type="fig"} shows that both PDGFRα mutant proteins induce the phosphorylation of STAT1, STAT3 and STAT5 in both of these fibroblast cell lines, demonstrating that STAT activation via these mutant proteins does not depend on Src kinases.

Activation of STAT5 does not require an SH2-mediated recruitment of STAT5 to receptor phosphotyrosine motifs {#s0002-0006}
------------------------------------------------------------------------------------------------------------

Due to the reported importance of STAT5 for myeloid transformation,[@cit0031] we focused the mechanism of STAT5 activation via F/PDGFRα in more detail. Tyrosine-based recruitment mechanisms are the classical activation mechanisms for STAT factors. Several reports described that the sequence containing Y^579^/Y^581^ of PDGFRβ constitutes a STAT-binding motif.[@cit0010] Due to the high sequence and functional homologies between the PDGFRβ and PDGFRα, this motif (Y^572^/Y^574^) is regarded to be a potential STAT5 recruitment site in the context of PDGFRα. Interestingly, this described recruitment site is located in the juxtamembrane region of the PDGFRα-wt and is missing in the F/PDGFRα fusion protein, although STAT5 phosphorylation was reported.[@cit0001] To study the details of STAT5 activation, we therefore generated a series of tyrosine to phenylalanine mutations in our oncogenic PDGFRα proteins ([**Fig. 5A**](#f0005){ref-type="fig"}). In order to verify whether the double tyrosine motif Y^572^/Y^574^ could be involved in the activation of the GIST mutant PDGFRα-D^842^V, we generated a stable cell line expressing a tyrosine to phenylalanine mutant of this protein ([**Fig. 5A**](#f0005){ref-type="fig"}). [**Figure 5B**](#f0005){ref-type="fig"} (last lane) shows that STAT5 activation via PDGFRα-D^842^V does, like F/PDGFRα, also not require the Y^572^/Y^574^ motif. This result further supports our finding that Src kinases are not involved in activation as this motif is also the reported recruitment site for Src kinases.[@cit0035] Figure 5.STAT phosphorylation by F/PDGFRα does neither depend on Janus kinase nor SH2-domain. (**A**) Schematic representation of the tyrosine to phenylalanine mutations and the deletion mutation generated for F/PDGFRα and PDGFRα-D^842^V. (**B**) The tyrosine motif Y^572^/Y^574^ is not required for STAT5 activation via the oncogenic PDGFRα proteins. Expression of the different PDGFRα proteins was induced with 5ng/ml doxycycline for 18 h and stimulation with PDGF-AA performed where indicated. Activation of PDGFRα, STAT5 and AKT was assessed by Western blot analysis. A tubulin staining was performed to monitor the loading of the samples. One representative experiment of at least 5 biological replicates is shown. (**C**) Mutation of Y^720^ does not affect STAT5 phosphorylation. Expression of PDGFRα-wt, F/PDGFRα and F/PDGFRα-Y^720^F was induced by 5 ng/ml doxycycline for 18 h where indicated. PDGFRα-wt was additionally stimulated with PDGF-AA for 18 h. Activation of STAT5 and ERK1/2 was assessed by Western blot analysis. A tubulin staining was performed to ensure equal loading of the samples. One representative experiment of at least 5 biological replicates is shown. (**D**) Tyrosine-based recruitment motifs within F/PDGFRα are not required for STAT5 activation. Expression of F/PDGFRα, F/PDGFRα-F12 and (1--29)-F/PDGFRα was induced by 5 ng/ml doxycycline for 18 h where indicated. Activation of PDGFRα and STAT5 was assessed by Western blot analysis. A tubulin staining was performed to control for equal loading of the samples. One representative experiment of at least 3 biological replicates is shown. (**E**) A functional STAT5 SH2 domain is not required for F/PDGFRα-mediated STAT5 activation. FRT-cell lines, either stably expressing F/PDGFRα or lacking the persistently activated protein (parental cells), where additionally stably transfected with a construct encoding GFP-tagged STAT5 or GFP-tagged STAT5R^618^Q-mutant, for which the SH2 domain has been knocked-out. F/PDGFRα expression was induced by doxycycline induction (5 ng/ml) for 18 h where indicated. As a control for the knockout of phosphotyrosine-dependent and SH2 domain-mediated STAT5 recruitment, the parental cells were stimulated with 25 ng/ml OSM for 30 min. Activation of PDGFRα and STAT5 was assessed by Western blot analysis. A tubulin staining was performed to control for equal loading of the samples. One representative experiment of at least 3 biological replicates is shown.

A recent report by Noël et al. indicated that tyrosine Y^720^ in F/PDGFRα mediates ERK1/2 activation and is additionally involved in STAT5 activation.[@cit0036] We thus generated a F/PDGFRα-Y^720^F mutant in order to assess STAT5 activation via this mutant protein. As shown in [**Figure 5C**](#f0005){ref-type="fig"}, we can confirm the reported requirement of Y^720^ for ERK1/2 activation. However, phosphorylation of STAT5 is not affected by the Y^720^F mutation, showing that this tyrosine is not absolutely required for STAT5 activation via F/PDGFRα. Similarly, the Y^720^F mutation within PDGFRα-D^842^V does not affect STAT5 activation (data not shown).

We decided to analyze the remaining tyrosine motifs within the F/PDGFRα protein in regard to their capability to recruit STAT factors. For this, we generated 2 types of mutant proteins. First, we constructed a deletion mutant (1--29-F/PDGFRα, [**Fig. 5A**](#f0005){ref-type="fig"}) in order to test whether the FIP1L1 moiety is involved in STAT5 activation. This mutant only encompasses the first 29aa of the FIP1L1 sequence and therefore lacks 7 tyrosines that could serve as potential recruitment sites. Furthermore, we analyzed which tyrosine motifs within the PDGFRα moiety might serve as recruitment sites for STAT5 in order to mutate potential STAT5 recruiting tyrosines to phenylalanine. The PDGFRα moiety of F/PDGFRα contains a total of 26 tyrosine residues, 12 of which are located in the flexible juxtamembrane, kinase insert and C-terminal region of the receptor ([**Fig. 6A**](#f0006){ref-type="fig"}). Further 14 tyrosine residues are located within the kinase domain including the activation loop tyrosine Y^849^ which is a known phosphorylation site and crucial for kinase activity. In order to evaluate the accessibility of tyrosines within the kinase domain for signaling molecules we generated a homology model of the kinase domain based on the solved crystal structure of the highly homologous Kit kinase ([**Fig. 6A, B**](#f0006){ref-type="fig"}). Due to the extremely high homology between cKIT and PDGFRα (∼67% sequence identity in the kinase domain sequence) the location of amino acids in the PDGFRα kinase domain can be predicted with high confidence. By calculating the relative solvent accessibility of the tyrosine residues (and all other amino acids) within the kinase domain we evaluated their potential to be phosphorylated and to serve as docking sites for signaling molecules ([**Fig. 6B**](#f0006){ref-type="fig"}). Considering solvent accessibility and the location of the proximal neighboring residues within the tyrosine motifs we excluded all kinase domain tyrosines as potential recruitment sites for SH2 or PTB domain containing signaling molecules. An exception is the activation loop tyrosine Y^849^ which is located in a flexible region of the kinase domain. However, this tyrosine does not match known STAT recruitment motifs and its mutation would affect the activity of the kinase domain. Based on these results we mutated all 12 tyrosine residues within the flexible juxtamembrane, kinase insert and C-terminal region (mutant F/PDGFRα-12F, [**Fig. 5A**](#f0005){ref-type="fig"}). Next we assessed the activation of STAT5 via the F/PDGFRα proteins that contain a truncated FIP1L1 or mutated PDGFRα moiety. [**Figure 5D**](#f0005){ref-type="fig"} shows that STAT5 activation cannot be abrogated by a deletion within the FIP1L1 moiety or multiple point mutations of the PDGFRα moiety. A reduction of STAT5 activation can be observed for the F/PDGFRα-12F protein, but this reduction is paralleled by a reduction in PDGFRα kinase-activity which is reflected by a decrease in F/PDGFRα-12F phosphorylation on Y^849^ within the activation loop. This shows that mutation of the 12 tyrosine residues negatively affects the activity of the kinase. The absence of a clear docking site for STAT-factors in F/PDGFRα leads us to the assumption that STAT5 activation by F/PDGFRα could occur via a SH2 domain-independent mechanism. Figure 6.Modeling-guided mutagenesis of the F/PDGFRα protein. (**A**) Alignment of the amino acid sequences of human PDGFRα and c-Kit. Conserved residues are indicated in red. The start of the PDGFRα sequence present in the F/PDGFRα fusion protein is indicated by a green arrow. The core of the kinase domain structure is highlighted by a green box and the secondary structure of the Kit template structure used for modeling is indicated (h: helix, s: β strand). The variable kinase insert region is indicated by a yellow box. Buried PDGFRα residues in the kinase domain core structure with a relative solvent accessibility below 20% or 30% are highlighted in dark gray and light gray, respectively. The numbering of the tyrosine residues is given above the sequence. For the core region of the kinase structure, the relative solvent accessibility (in %) of tyrosines is given after the number. Tyrosine residues in the core region of the kinase (and corresponding residues in the Kit structure) which are involved in structural contacts (based on the Kit structure) are underlined. Residues mutated in this study are highlighted in yellow. (**B**) Representation of the solvent accessible surface of the generated PDGFRα kinase domain model (corresponding to amino acids Q^579^ to P^955^ of the F/PDGFRα protein). The core of the kinase domain is colored in green, the kinase insert region is represented in yellow and the activation loop of the kinase is highlighted in pale yellow. Tyrosine residues within the kinase core structure are colored in blue (carbon atoms) and red (oxygen atom).

To test this assumption (and due to the fact that we cannot definitely exclude Y^849^ in the activation loop as potential recruitment site) we decided to knock out the SH2 domain of STAT5. We thus introduced a R^618^Q mutation within the STAT5 SH2 domain to abrogate the recognition of phosphotyrosine residues by STAT5. We then stably transfected 293FR-cells ("parental cells", [**Fig. 5E**](#f0005){ref-type="fig"}, lanes 5--8) or 293FR-F/PDGFRα-cells ([**Fig. 5E**](#f0005){ref-type="fig"}, lanes 1--4) either with STAT5-wt-GFP or STAT5-R^618^Q-GFP. As a control STAT5 phosphorylation in 293FR-cells was induced by stimulation with the cytokine OSM. [**Figure 5E**](#f0005){ref-type="fig"} shows that the functional knock-out of the STAT5 SH2 domain does not abrogate STAT5 phosphorylation via the F/PDGFRα. In contrast, OSM-induced STAT5 activation is dependent on an intact SH2 domain. Taken together, our results show that the activation of STAT5 by F/PDGFRα does not require SH2-mediated recruitment to phosphotyrosine motifs of F/PDGFRα.

Comparison of wild type PDGFR**α** and F/PDGFRα proteins reveals differences in their biological responses {#s0002-0007}
----------------------------------------------------------------------------------------------------------

To investigate to what extent the observed differences in the signaling patterns for PDGFRα-wt and F/PDGFRα translate to downstream transcriptional responses, we compared their gene expression profiles using DNA microarray analysis. Most existing methods for comparing gene-expression-data-sets require setting arbitrary cut-offs (e.g., fold changes or statistical significance), which could introduce a bias in gene filtering because of batch effect.[@cit0037] We therefore performed a rank-rank hypergeometric overlap (RRHO) analysis which does not require the setting of cut-offs in order to compare the transcriptomic data for PDGFRα-wt and F/PDGFRα. The RRHO method is appropriate to evaluate the similarity between gene expression profiles and discerns even weak overlap signals.[@cit0039] It identifies the statistically significant overlap while stepping through 2 lists of genes which have been ranked by their differential expression. The significance of the overlap of the 2 lists above the sliding rank threshold is represented as a RRHO heat map ([**Fig. 7A**](#f0007){ref-type="fig"}, left panel). Additionally, the data can be represented as a rank-rank scatter plot (RRSP, [**Fig. 7A**](#f0007){ref-type="fig"}, right panel). High correlation throughout the lists translates into a clustering of positive signal along the diagonal both in the RRHO heat map and scatter plot. An example for a perfect overlap (using 2 identical lists as input) is represented in [**Figure 7B**](#f0007){ref-type="fig"} and additional details on the RRHO analysis are provided in the materials and methods section. The RRHO analysis shows that the signatures of the stimulated PDGFRα-wt and the constitutively active F/PDGFRα strongly differ ([**Fig. 7A**](#f0007){ref-type="fig"}). The degree of similarity in the gene expression profiles of PDGFRα and F/PDGFRα translates into a limited clustering of high ranking up-regulated genes along the diagonal axis of the heat map. [**Figure 7A**](#f0007){ref-type="fig"} also represents the corresponding rank-rank scatter plot (RRSP), where each gene is plotted by its rank and is represented as an individual dot. The representation shows a quite random pattern of distribution with only a faint increase in density in the lower left corner (representing the highest ranks in the gene list) and only a small number of genes following the diagonal. This highlights that the RRHO heat map can more efficiently monitor existing similarities between the 2 gene expression profiles than the RRSP. The gene expression profiles only contain a small number of common high ranking genes and support our observation that the signaling patterns for both proteins are strongly divergent ([**Figs. 1A, 2C and 3A**](#f0001){ref-type="fig"}). Figure 7.PDGFRα-wt and F/PDGFRα display divergent biologic responses. (**A**) Left panel: RRHO heat map comparing the transcriptomic signatures of stimulated PDGFRα-wt (14 h PDGF-AA) and F/PDGFRα. The representation is based on our microarray experiments and does not apply any cut-offs as the entire gene sets are used in the analysis. For both lists, the genes were ranked according to the ANOVA p-values attributed to the differentially expressed genes (using non-stimulated PDGFRα-wt as control). The top differentially expressed genes of both lists are located at the lower left corner of the graph. For the heat maps, the range of -log~10~-transformed hypergeometric P-values are indicated in the color scale bar. High intensity signals (red) indicate the highest overlap in the lists above the current sliding rank threshold. Right panel: Rank-Rank scatter plot for the comparison of the stimulated PDGFRα-wt (14 h PDGF-AA) and F/PDGFRα transcriptomic signatures. (**B**) Rank-Rank Hypergeometric Overlap (RRHO) heat map and Rank-Rank Scatter plot for a perfect correlation (perfect overlap). The RHHO analysis was performed using 2 *identical ranked lists*.

To investigate how the activation of signaling components is linked to the transcriptomic response, we investigated the connectivity between the activated signaling components and the gene expression profiles by generating a merged signaling/transcriptomic regulatory network using the MetaCore® platform (details are provided in the Materials and Methods section). We generated both a F/PDGFRα network and a PDGFRα-wt network. An overlay of both networks is represented as a Circos plot[@cit0040] in [**Figure 8**](#f0008){ref-type="fig"}. The plot integrates the data on activated signaling molecules (Western blot data, conventional (violet) and unconventional (blue) signaling) with expressed target genes (microarray data, transcriptomic signatures highlighted in green and red). As such, we aimed at analyzing the possible connectivity between the transcriptional responses (common, F/PDGFRα-specific and PDGFRα-wt-specific) and the conventional signal transduction (pPDGFRα; pPLCγ; pERK1/2 (MAPK1/3), pAKT) or the oncogene-specific unconventional signaling (pSTAT1, 3 and 5). The Circos plot illustrates that the activation of STAT factors is strongly linked to the observed oncogenic response (blue lines), highlighting the potential importance of STAT activation in the context of the F/PDGFRα transcriptomic network. Known target genes downstream of STAT factors such as SOCS2, IRF1, JunB, CEBPbeta, OSMR are part of the transcriptomic response of F/PDGFRα. Figure 8.Common and divergent biologic responses initiated by F/PDGFRα and wild type PDGFRα. Circos plot[@cit0040] representing the generated signaling/transcriptomic regulatory networks (see materials and methods section for details on the network generation). The figure shows an overlay of the F/PDGFRα gene regulatory network and the stimulated PDGFRα-wt regulatory network. The transcriptomic signatures represent the data of the microarray analyses. Only SDEGs with a step-up FDR smaller than 0.05 and absolute fold change exceeding 40% (in comparison to non-stimulated PDGFRα-wt control cells) are represented. The SDEGs were divided into 3 groups: 1) the common regulated genes between the oncogenic situation and the PDGF-AA stimulated wild type receptor (highlighted in light green), 2) SDEGs which are only regulated in the oncogenic setting (red), 3) SDEGs which are only regulated for the PDGF-AA-stimulated (14h) wild type receptor (dark green). The average log2 transformed fold change between the corresponding situations and control is represented as a heat map in the 2 circles (outer heat map circle: F/PDGFRα; inner heat map circle: PDGF-AA stimulated PDGFRα-wt). The observed signaling characteristics are represented as conventional (violet) and unconventional (blue) signaling. The activation of these signaling components by F/PDGFRα or the PDGFRα-wt is indicated by green dots. The connections generated based on the MetaCore™ database between the molecules in the networks were visualized as violet (conventional signaling to transcriptomic responses), blue (unconventional signaling to transcriptomic responses) or gray (transcriptomic to transcriptomic) connections.

In order to further assess the importance of STAT factors for the transcriptomic response, we generated a minimal essential network highlighting the 10 functionally most relevant players in the F/PDGFRα network (details are provided in the material and methods section). [**Figure 9**](#f0009){ref-type="fig"} illustrates that STAT1 and STAT5 are identified as being among the 10 most important players (colored nodes) in the oncogenic network. These results show that STAT factor activation and responses are a central part of the F/PDGFRα mediated oncogene-specific signaling. Figure 9.STAT5, STAT1 and ERK1/2 (MAPK1/3) rank among the top 10 nodes of the oncogenic gene regulatory network. Representation of the minimal essential network based on the merged signaling/transcriptomic regulatory network of F/PDGFRα (see materials and methods section for details on the minimal essential network generation). Only the 10 top nodes are highlighted by a color code and the essentiality of the nodes increases from yellow color to red color. The first neighbors of the MEN members are represented as white nodes.

Discussion {#s0003}
==========

We aimed at analyzing the oncogenic F/PDGFRα signaling network in order to identify alternative therapeutic targets that could be useful in refractory cases of FIP1L1-PDGFRα-positive HES/CEL. Regrettably, biochemical data on F/PDGFRα is scarce and conflicting. The primary description of F/PDGFRα reported that STAT5, but not ERK was activated by F/PDGFRα when expressed in haematopoietic cell lines such as Ba/F3.[@cit0001] A later study identified STAT5/ERK/JNK as activated signaling components downstream of the F/PDGFRα, in contrast to p38 MAPK and AKT that were found to be activated by other, unknown mechanisms.[@cit0034] Opposing data from another group identified p38 MAPK and AKT to be activated when the F/PDGFRα was retrovirally transduced.[@cit0041]

With regard to these conflicting results, we decided to perform a comparative analysis of F/PDGFRα and PDGFRα-wt under more standardized conditions, including the effects of the membrane re-localization of F/PDGFRα on its signaling behavior. We previously showed that the signaling characteristics of the wild-type PDGFRα in 293FR cells match those observed in primary fibroblasts which naturally express the PDGFRα.[@cit0020]

When comparing F/PDGFRα with PDGFRα-wt in our cellular system, we observed that F/PDGFRα rather activates STAT factor signaling than conventional PDGFRα signaling pathways. Importantly, the extent of STAT factor activation is comparable to cytokine-induced activation ([**Fig. 4A**](#f0004){ref-type="fig"}). The comparison with the oncogenic mutants (e.g., PDGFRα-D^842^V) occurring in GIST shows that pronounced STAT factor activation is a more general characteristic of oncogenic PDGFRα signaling ([**Fig. 3A**](#f0003){ref-type="fig"}).[@cit0020]

We hypothesized that the altered localization of the FIP1L1-PDGFRα fusion protein in contrast to the PDGFRα-wt could affect the signaling capacity of F/PDGFRα. Choudhary et al. demonstrated that Flt3 signaling depends on the cellular localization of the constitutively active mutants when investigating the intracellularly retained Flt3-ITD mutant protein.[@cit0042] By engineering a membrane-targeted MEM-F/PDGFRα mutant we show for the first time that notably AKT activation requires membrane localization of F/PDGFRα and that the cytoplasmic localization of F/PDGFRα does not allow this fusion protein to fully exploit its signaling capacity. Our data indicate that the reported AKT-activation in F/PDGFRα-positive cells is dependent on additional triggers such as secondary mutations or additional stimuli. Also MAPK activation was clearly increased when F/PDGFRα was targeted to membranes. Moreover, we observed that the activation levels of ERK1/2 are very variable in F/PDGFRα positive cells and are often below the levels activated via PDGFRα-wild type. A possible explanation for this could be that dephosphorylation of ERK1/2 occurs 5-fold faster in the cytosol than at the plasma membrane.[@cit0043] Regardless of their activation levels, our data indicate that the observed ERK1/2 (MAPK1/3) signals translate into corresponding gene expression (e.g. expression of early growth response factors such as EGR-1 or the nuclear phosphatase DUSP5 which have been shown to be regulated upon ERK1/2 activation[@cit0044] ([**Fig. 8**](#f0008){ref-type="fig"}).

In spite of similar mRNA levels, we observed a higher protein expression for F/PDGFRα when compared to wild type PDGFRα. Therefore, one could argue that the different signaling capacities that we observe may be due to these differences in protein expression. However, our membrane-targeted MEM-F/PDGFRα mutant is expressed at similar levels as PDGFRα-wt and clearly shows an increase in ERK, AKT and p38 activation, strongly suggesting that the differences in AKT, ERK and p38 activation are due to the localization and not to the protein expression levels. In addition, signaling initiated by F/PDGFRα is identical to signaling induced by the membrane-anchored PDGFRα-D842V mutant (with comparable expression levels; [**Fig. 2C**](#f0002){ref-type="fig"}). Concerning the strong difference in STAT activation, we doubt that it could be due to the different protein expression levels in our system. Our comparison of PDGFRα and OSM induced STAT activation ([**Fig. 3B**](#f0003){ref-type="fig"} and previously published work)[@cit0020] shows that PDGFRα is a very poor activator of STATs. We have obtained similar data for PDGFRβ in various cells (data not shown). The poor activation of STAT5 (in comparison to cytokine-induced signals) by wild-type PDGFRs has also recently been shown by Velghe et al., who also compared it to STAT5 activation initiated via mutant PDGFRα proteins.[@cit0046] We thus think that the cell type also does not play a major role for the observed differences in signaling. In fact, using haematopoietic cells, Choudhary et al. have shown that the activation of STAT5 by an ER-retained mutant of the closely related Flt3 receptor occurs from the intracellular compartment whereas conventional signaling (such as AKT and ERK activation) is initiated at the plasma membrane.[@cit0042] These findings are absolutely in line with our data on GIST-associated PDGFRα mutants in 293 cells.[@cit0020] Similar intracellular retention and corroborating STAT5 activation was also observed for oncogenic KIT mutants.[@cit0047] Here, we show the same localization-dependent skewed signaling behavior for F/PDGFRα. Together, all these data show that increased intracellular localization shifts the signaling capacities of the PDGFR/KIT/Flt3 family of receptors in a variety of cell types.

The importance of aberrant and constitutive activation of STAT factors in cancer is well documented.[@cit0048] Constitutive activation of STAT5 is known to be important for myeloid transformation.[@cit0031] Besides the direct effects (e.g., growth promoting or inhibiting) that STATs can exert on the tumor cell itself, they are also known to have profound effects on the tumor microenvironment.[@cit0048] In this context, STAT1 rather acts as a tumor suppressor whereas STAT3 is thought to be pro-oncogenic.[@cit0049] This oncogenic activity of STAT3 often occurs via the tumor microenvironment where it induces tumor-associated inflammation. The balance between STAT1 and STAT3 activation is paramount for the resulting effects on the tumor cell itself and the microenvironment.[@cit0049] The presence of activated STAT1/STAT1 homodimers is a prerequisite for an efficient STAT1 response.[@cit0051] Furthermore, the formation of STAT1/STAT1 homodimers can be influenced by the presence of activated STAT3 because of the competing formation of STAT1/STAT3 heterodimers.[@cit0051] The fine-tuning of STAT1 and STAT3 levels can thus have important effects on their biologic responses. Here, we describe that the oncogenic F/PDGFRα mutant protein induces the formation of STAT1/STAT1 homodimers, which then leads to the transcription of STAT1 specific target genes such as IRF1 ([**Fig. 8**](#f0008){ref-type="fig"}). However, we found most of the activated STAT3 to be present in STAT1/STAT3 heterodimers. The role of this STAT species and its potency to induce STAT3-dependent genes is not entirely clear. In our view, the formation of the STAT1 and STAT3 homo- and heterodimers is a crucial parameter which needs to be considered when investigating the biological role of F/PDGFRα mediated STAT activation. We think that the patient-specific background (and especially STAT1 and STAT3 levels and the extent of their phosphorylation ) are decisive for the biologic response. In a patient-dependent manner, the response may thus shift toward a predominant activation of one of these 2 STATs, which could in turn either drive or impair tumor development and differentially affect the tumor microenvironment.

We identified STATs as central players in the F/PDGFRα specific signaling network. Patients harboring the F/PDGFRα-mutant could thus benefit from inhibition of STAT activity. The simplest approach for STAT-inhibition is targeting the upstream kinase. Other strategies would be the use of oligonucleotide (ODN) decoys as specific STAT-DNA-binding inhibitors or small molecule inhibitors that target pTyr-SH2 domain interactions.[@cit0053] In order to assess the potential targeting of STAT activation via F/PDGFRα, we analyzed the STAT activation mechanism in more detail. Our experiments clearly indicate that STAT activation by F/PDGFRα differs from the canonical JAK/STAT-activation processes, since STAT activation is not affected by pharmacological inhibition using *next generation* Jak-inhibitors. Our results are in strong contrast to a study in which Jak2 has been proposed as upstream kinase for STAT factors in F/PDGFRα-positive cells using the inhibitor AG490.[@cit0027] However, this inhibitor is prone to generate off-target effects as it is usually used at concentrations which exceed the limits at which TKIs are assumed to generate specific effects.[@cit0054] The AG490 concentrations used by Li et al. (10--100 μM)[@cit0027] are almost 2 orders of magnitudes higher than those used for the new generation of potent JAK inhibitors (e.g. INCB018424, IC50 for Jak family members: 2.7--322 nM) that we used in our experiments. AG490 generally tends to induce dose-dependent reduction of proliferation and induction of apoptosis, in concentrations where STAT activation was not prevented.[@cit0055] Moreover, recent studies have also highlighted the low potency of AG490 for inhibition of Jak2[@cit0056] or even the total lack of Jak2-inhibition[@cit0057] at concentrations of 5 μM. Our data indicate that Jaks are no suitable drug targets in F/PDGFRα-positive cells and that it is questionable whether patients would benefit from treatment with Jak inhibitors. In several contexts oncogenic STAT activation has also been reported to involve the kinases of the Src family.[@cit0030] However, our results show that Src kinases are also not required for STAT activation via mutated PDGFRα proteins such as F/PDGFRα and PDGFRα-D^842^V.

In context of the highly homologous PDGFRβ, a phosphotyrosine-dependent recruitment of STAT5 has been reported.[@cit0010] Importantly, the corresponding tyrosine motif of PDGFRα is absent in the F/PDGFRα fusion protein. This motif also serves as recruitment and activation site for the Src kinase. Our mutational analysis of F/PDGFRα and STAT5 strongly suggests that activation of STAT5 does not require tyrosine motifs of F/PDGFRα nor a functional STAT5 SH2-domain. It should be noted that Y849 which is required for enzymatic activity was not subjected to mutation. This finding supports the conclusion that STAT5 may directly be activated by F/PDGFRα without prior recruitment to phosphotyrosine motifs. Of course, we cannot definitely exclude that additional kinases downstream of F/PDGFRα contribute to the activation of STAT factors. Such an "auxiliary" kinase would have to be recruited via a tyrosine-independent mechanism as mutation of all accessible recruitment sites still allows STAT activation whereas all other tested signaling pathways are abrogated (data not shown). Although the SH2 domain does not contribute to the recruitment of STAT5 to the PDGFRα, it is indispensable for the dimerization of activated STAT5 and thus for its transcriptional response. As such, targeting of the SH2 domain with small molecule inhibitors is thus still a possible strategy for STAT5 inhibition in the F/PDGFRα system (especially as our results show that Jak inhibition may not be useful in this context). Small molecule inhibitors that target the SH2-domain have mostly focused on STAT3. Most recently, inhibitors that specifically target the SH2 domain of STAT5 have been developed and successfully tested for anti-leukemic activities in BCR-ABL and FLT3 ITD-expressing cell lines.[@cit0058] In the F/PDGFRα system, STAT5-SH2 domain inhibitors would not abrogate STAT5 phosphorylation, but impair the dimerization of phosphorylated STAT5. This implicates that direct STAT5-mediated transcriptional responses would be affected. However, targeting of the SH2 domain may not prevent dimerization-independent cytosolic functions of phosphorylated STAT5.

In brief, F/PDGFRα cannot fully exploit its capacity to activate AKT and MAPK pathways in comparison to membrane anchored PDGFRα variants (wild type or mutants). On the other hand, this "weakness" may be compensated by the shift toward STAT-mediated responses. Their activation via a non-canonical mechanism very likely also affects the sensitivity of F/PDGFRα-mediated STAT activation toward negative regulatory mechanism such as the inhibition via SOCS proteins. In our view, such mechanisms, together with the ability of F/PDGFRα to escape ubiquitin-mediated proteasomal degradation, are crucial contributors for the oncogenic potential of F/PDGFRα. Further studies will have to dissect the contributions of these individual mechanisms and the importance of the different signaling components for the disease process. Particularly, the balance of STAT factor activation and associated anti-tumor or tumor-promoting effects will be challenging aspects which need to be addressed in the future.

Materials and Methods {#s0004}
=====================

Cell culture, transfection, and cytokines {#s0004-0001}
-----------------------------------------

Primary normal human dermal fibroblast lines (NHDF) were generously provided by Prof. Jens M. Baron (RWTH-Aachen, Germany) and their isolation was performed as described previously.[@cit0059] *Src++* (ATCC®-CRL-2497™) and *SYF* (ATCC®-CRL-2459™) MEF cells were purchased from ATCC. Transfection of the MEF cells with 0.4 µg of the respective expression plasmid (pcDNA5/FRT- FIP1L1-PDGFRα, -D842V or empty vector) was performed using the Effectene Transfection Reagent (QIAGEN; 301425) according to the manufacturer\'s recommendations. 293FR cells, containing FRT target site and Tet repressor (invitrogen), were maintained in DMEM supplemented with 10% fetal bovine serum (FBS, PAA Laboratories/GE Healthcare Europe GmbH) in humidified atmosphere containing 5% CO2. EOL-1 (DMSZ: ACC 386) cells were cultivated in RPMI 1640 supplemented with 10% FBS. Cells were routinely screened for *Mycoplasma* contamination. 293FR cells were transfected using TransIT®-LT1 Transfection reagent (Mirus, MIR2300) according to the manufacturer\'s protocol. Stably transfected cells resulting from site directed recombination were selected and cultivated in presence of 100 μg/ml Hygromycin (InvivoGen; ant-hg-1) and 10 μg/ml Blasticidin (InvivoGen; ant-bl-1). Protein expression was induced under serum reduced (1%; up to 15h) followed by serum free conditions (0% FBS; 3h) with 5 ng/ml doxycycline (SigmaAldrich, D9891). Stable transfectants, constitutively expressing STAT5B-GFP or the STAT5B-GFP-SH2-mutant (R^618^Q) were obtained by non-directed genomic integration and selection with 300 μg/ml G418 (InvivoGen; ant-gn-1). MG132 (Calbiochem, 474788), Janus kinase Inhibitor I (Calbiochem, 420097), INCB018424 (Seleckchem, S1378) and Imatinib/ "Gleevec" (Symansis, SY-Imatinibmesylate) were dissolved in DMSO and supplemented for the indicated times. Recombinant human OSM (working concentration: 25 ng/ml) was obtained from Peprotech (CatNo\# 300-10T), recombinant human PDGFAA (working concentration: 250 ng/ml) was purchased from Immunotools (CatNo\# 11343687).

Cloning and expression vectors {#s0004-0002}
------------------------------

pCMV-AC-GFP-STAT5B expression construct was purchased from OriGene (CatNo. RG209429). FIP1L1-PDGFRα sequence was extracted from EOL-1 cells. Cellular RNA was isolated using the RNeasy Mini Kit (QIAGEN, 74104) and cDNA was prepared using 1^st^ Strand cDNA Synthesis Kit for RT-PCR (Roche Applied Science, 11483188001). F/PDGFRα was amplified from cDNA and cloned into a modified pcDNA5/FRT/TO vector (Invitrogen™, V6520--20) using standard cloning procedures. The membrane targeting sequence (MEM-tag) was generated by inserting an oligonucleotide coding for the posttranslational palmitoylation sequence of neuromodulin GAP43 (MLCCMRRTKQVEKPSG), for N-terminal expression with the fusion protein. Various Y to F-point mutations were introduced into F/PDGFRα as well as PDGFRα (D^842^V) and STAT5 (R^618^Q) using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene/Agilent Technologies, CatNo. 200518). Mutagenesis oligonucleotides were designed using the QuikChange Primer Design tool (Agilent technologies). (1--29)-F/PDGFRα deletion mutant was generated by consecutive PCR cycles, fusing the sequence of amino acids 1--29 of FIP1L1 gene to identical PDGFRα segment (Q)^579^ as in the F/PDGFRα fusion. Sequence identity was confirmed by sequencing.

Antibodies and western blot {#s0004-0003}
---------------------------

Primary antibodies against PLCγ (\#5690) and phosphospecific antibodies against STAT1 (Tyr^701^ \#9171), STAT3 (Tyr, ^705^ \#9145), pERK1,2 (Thr^202^/Tyr ^204^ \#9106), PDGFRα-Tyr^849^/β-Tyr,^857^ \#3170), AKT (Ser,^473^ \#9271) were purchased from Cell Signaling; anti-STAT1 (CatNo. 610116) and anti-STAT3 (CatNo. 610189) and phosphospecific antibody for STAT5 (Tyr^694^, CatNo 611964) were purchase from BD; phosphospecific antibody for PLCγ1 (Tyr,^783^ ProductNo 07-509) was obtained from EMD Millipore and antibodies against STAT5 (C-17: sc-835), PDGFRα (C-20: sc-338), ERK1 (K-23: sc-94), AKT1,2 (N-19: sc-1619) and tubulin (DM1A: sc-32293) were purchased from Santa Cruz Biotechnology. STAT5 antibody (C-17) was used for super-shift (EMSA). HA-antibody (6E2, Cell Signaling \#2367) was used for detection of HA-tag. For Western blot analysis, cells were lysed on the plates using 1× Laemmli buffer. The proteins were separated by SDS-PAGE in 10% PAA-gels, followed by semi-dry blotting onto a 0.45 μm polyvinylidene difluoride membrane (PALL, S80306). Western blot analysis was performed using indicated primary antibodies followed by incubation with horseradish peroxidase-conjugated secondary antibodies from Cell signaling (Anti-rabbit IgG/HRP: \#7074 and Anti-mouse IgG/HRP: \#7076) and Dako (Anti-Goat Immunglobulins/HRP: P 0449). Signals were detected using an ECL solution containing 2.5 mM Luminol (SigmaAldrich: 123072), 2.6 mM hydrogenperoxide (SigmaAldrich: H1009), 100mM Tris-HCL/ pH8.8 (SigmaAldrich: T-1503) and 0.2 mM para-coumaric acid (SigmaAldrich: C9008).[@cit0060] Prior to reprobing, the blots were stripped in 2%SDS (Carl Roth: CN30.3), 100 mM β-mercaptoethanol (Carl Roth: 4227.3) in 62.5 mM Tris-HCl (pH6.7/ for 30 min at 70°C).

Confocal live cell microscopy {#s0004-0004}
-----------------------------

HEK Flp-In-293 cells expressing MEM-GFP or GFP were seeded onto poly-L-Lysine (SigmaAldrich: P-4832), coated cover slips at least 24 h before induction with doxycycline. Induction of protein expression with doxycycline (5 ng/ml) was started 14 h prior to microscopy. Confocal live cell imaging (37°C, 5% CO2, Krebs-Ringer-Hepes medium + Glucose) was performed using a Zeiss LSM510 invert laser scanning microscope. GFP was excited with laser light of λexc = 488 nm and fluorescence was detected using a longpass filter 505 nm (LP505).

Ubiquitination {#s0004-0005}
--------------

3.5 × 10^5^ of the respective 293FR cells were transfected with 1μg of an HA-ubiquitin expression plasmid and expression of the investigated PDGFRα protein was initiated after 24 h with 5 ng/ml doxycycline. Proteasome inhibitor MG132 (10mM) was added 2 h prior to lysis and cells expressing wild-type PDGFRα were additionally stimulated with 100 ng PDGF-AA for 1 h prior to lysis. Cells were harvested 14 h after induction. Cell lysis and immunoprecipitation (using a PDGFRα-antibody from Santa Cruz Biotechnologies (C20) were performed as described previously.[@cit0061] Subsequently, the precipitated proteins were investigated by Western blot analysis.

Detergent-free preparation of nuclear extracts and Electrophoretic Mobility Shift Assay (EMSA) {#s0004-0006}
----------------------------------------------------------------------------------------------

Preparation of nuclear extracts and the assay was performed as previously described.[@cit0062] For binding of STAT1 and STAT3, a mutated oligonucleotide corresponding to the *sis*-inducible element of the c-*fos* promoter (m67SIE(s): 5′-GAT CCG GGA GGG ATT TAC GGG AAA TGC TG-3′; (as): 5′AAT TCA GCA TTT CCC GTA AAT CCC TCC CG-3′) was used. For STAT5 binding, an oligonucleotide corresponding to the β-casein gene promoter sequence (β-casein (s): 5′AGA TTT CTA GGA ATT CAA ATC-3′; (as) 5′GAT TTG AAT TCC AAG AAA TCT-3′) was utilized. The β-casein oligonucleotide was radioactively labeled using the 5´ end-labeling procedure. 10 μl of casein oligonucleotide (100 pmol/μl) was incubated with 5µl γ32 dATP (10 mM), 2 μl H~2~O, 2 μl buffer A (Fermentas/Thermo Scientific: EK0031); 500mM Tris/HCl, pH7.6, 100 mM MgCl~2~, 50 mM DTT, 1mM spermidine and 1μl T4-polynucleotide kinase (10U/μl, Fermentas/ Thermo Scientific: EK0031) for 20 min at 37°C. Protein concentrations of nuclear extracts were measured using a NanoDrop spectrophotometer (PEQLAB/Thermo Scientific). The DNA-bound STAT complexes were visualized using a Typhoon 9410 Variable Mode Imager (Amersham Biosciences/GE Healthcare).

Molecular Modeling of the PDGFRα kinase domain {#s0004-0007}
----------------------------------------------

For molecular modeling and graphic representation of the protein structures, the programs WHAT IF[@cit0063] and Pymol \[DeLano, WL (2002) The PyMOL Molecular Graphics System. DeLano Scientific, San Carlos, CA, USA\] were used. The structure of the active kinase domain of cKit and a model structure of the cKit kinase insert region (Brookhaven data bank entry codes 1PKG and 1R01) were used as template for the model structure of the active PDGFRα kinase domain. The initial alignment of the intracellular sequences of human cKit and human PDGFRα was performed with BLAST.[@cit0064] Modifications were then introduced to meet structural requirements derived from the known cKit kinase domain structure. The RefSeq accession numbers for the used sequences are: NP_006197.1 (human PDGFRα) and NM_000222 (human cKIT). The relative solvent accessibility of an amino acid represents the percentage of the accessibility in the unfolded state being still available in the folded protein. The relative solvent accessibility of the amino acids in the kinase domain core structure was calculated with the WHAT IF software[@cit0063] using H~2~O with a radius of 1.4 Å as probe.

Microarray analysis {#s0004-0008}
-------------------

For all biological replicates, 3 × 10^6^ cells were seeded 24 h prior to the start of the experiments. Cell number and viability were assessed using Cedex XS Analyzer (Innovatis, Roche Applied Sciences). Expression of PDGFRα-wt or F/PDGFRα was induced by 5 ng/ml doxycycline for a total of 14 h under serum deprived conditions (1% FBS for 11 h, 0% FBS for additional 3 h). Cells expressing the wild type PDGFRα were either stimulated with 250 ng/ml PDGF-AA for 1 h or a total of 14 h (PDGFRα-wt(1h/14 h)) or were left untreated (PDGFRα-wt(0 h)). The PDGFRα-wt(0 h) condition served as negative control for the stimulated wild type receptor and for the F/PDGFRα mutant. For microarray analysis, RNA of 3 biological replicates was isolated using the miRNeasy Mini Kit (QIAGEN, CatNo: 217004) according to manufacturer\'s instructions with additional on-column DNase I digestion. RNA quality and purity was assessed using a NanoDrop Spectrophotometer and a 2100 Bioanalyzer (Agilent Technologies) respectively. Only total RNA samples with no sign of degradation (RIN \> 9) or contamination were used in this study. Gene Expression analysis was performed using GeneChip® Human Gene ST 1.0 arrays (Affymetrix) according to manufacturer\'s procedures.

The raw data in the form of Affymetrix CEL files was imported into Partek® Genomics Suite™ software (Partek GS) and the Robust Multichip Average (RMA) was applied to the data set.[@cit0065] Pre-adjustment for GC content with quantile normalization and a mean probe set summarization was used as suggested by the default pipeline of Partek GS. All arrays were thus normalized to correct for systematic difference due to sample preparation. Only the core probe sets were considered for further analysis. The generated data set was subjected to rigorous quality control detecting outliers and confounding variables. Principal Components Analysis (PCA) was applied in order to identify outliers and batch effects.[@cit0066] The differentially expressed genes (using PDGFRα-wt(0h) as control) were statistically evaluated by Partek® multi-way ANOVA, controlling for the batch effect due to scanning date. In order to control the false discovery rate (FDR), the Benjamini-Hochberg (step-up) procedure was applied.[@cit0067] Probe-sets with a step-up FDR \<0.05 were considered to be *significantly differentially expressed genes* (SDEGs). As indicated in the figure legends, most analyses were performed by additionally only considering SDEGs with an absolute fold change exceeding 40% (in comparison to non-stimulated PDGFRα-wt control cells).

Microarray data are available in the ArrayExpress database ([www.ebi.ac.uk/arrayexpress](www.ebi.ac.uk/arrayexpress)) under accession number E-MTAB-2102.

Real-time PCR {#s0004-0009}
-------------

1 µg RNAs were reverse transcribed using the MultiScribe™ Reverse transcriptase (Cat.No.: 4311235) from Invitrogen using the manufacturer\'s recommendations. For quantitative RT-PCR analysis, gene expression levels were measured by the Applied Biosystems 7500 Real-Time PCR Systems using the ABsolut Blue qPCR SYBR Green ROX mix (Cat.No: AB-4323/A) from Thermo Scientific. Expression levels were determined using the qBase software (biogazelle) according to the MIQE guidelines. GeNorm was applied to find the best reference genes among 4: β actin (ActB), TATA box binding protein (TBP), Tubulin and cyclophilin A (CycloA). PDGFRα expression levels are given as normalized relative quantity (NRQ) to the reference genes. Primers used: ActB (GCACAGAGCCTCGCCTT and GTTGTCGACGACGAGCG), TBP (ACCCAGCAGCATCACTGTT and CGCTGGAACTCGTCTCACTA), Tubulin (AGATCGGTGCCAAGTTCTG and CCACCTGTGGCTTCATTGTA), cycloA (CAGACAAGGTCCCAAAGACA and CCATTATGGCGTGTGAAGTC) and PDGFRa (AGTGAAGATGCTAAAACCCACGG and AATGTTCAAATGTGGCCCCAGG). NRQs values were exported to the GraphPad prism software for graphic visualization and statistical analysis. Two-way ANOVA with Sidak\'s test for multiple comparison was used to compare the PDGFRα expression level between PDGFRα WT (n = 7), PDGFRα WT stimulated with PDGFAA for 1 hour (n = 3), for 14 hours (n = 7) and F/PDGFRα (n = 3). Statistical significance was set to 0.05.

Rank-rank analysis {#s0004-00010}
------------------

In order to compare the association and similarity of the alterations induced by F/PDGFRα and PDGFRα-wt signaling while avoiding arbitrary cut-off setting, we used the nonparametric rank-rank hypergeometric overlap analysis (RRHO)[@cit0039] to identify statistically significant overlap between these 2 gene signatures.

The probe sets were first ranked from the most significantly down-regulated to upregulated ones. Signs of --log10 transformed ANOVA p-values were set concordant to the sign of fold change between F/PDGFRα or stimulated PDGFRα-wt and control (non-stimulated wild type PDGFRα). Then, the probe sets were sorted based on these signed values. The ranked lists are provided as **Supplemental Table 1**. The results of the analysis are represented as a group of 2 plots: 1) The Rank-Rank scatter plot represents the overlap between 2 signatures. Spearman rank correlation coefficient (*rho*) was calculated between the compared 2 gene signatures.[@cit0068] 2) RRHO heat map: The heat map value represents the --log10 transformed hypergeometric p-value[@cit0069] for the likelihood of observing the observed degree of overlapped number of genes in-between the 2 rank thresholds, visualized as pixel on the map (step size was set as default). The maximum of the heat map value can be used as an indicator for the strength of the observed overlap trend between 2 ranked gene lists.[@cit0039] We used the Benjamini-Yekutieli (BY) FDR correction for multiple hypothesis correction.[@cit0070]

Network analysis and visualization {#s0004-00011}
----------------------------------

In order to obtain further insight into differences between F/PDGFRα and normal PDGFRα signaling we generated a merged signaling/transcriptomic gene regulatory network. Our goal was to build an integrated gene regulatory network based on differentially expressed genes and verified signaling components. The SDEGs with step-up FDR less than 0.05 and absolute fold change exceeding 40% were uploaded into MetaCore®. MetaCore® is a web-based computational platform designed for the functional analysis of experimental data such as microarray data to identify regulatory networks and involved pathways (<http://thomsonreuters.com/metacore/>). We used the most stringent direct interaction (DI) algorithms to infer the relationship between the SDEGs "seeds" with high-confidence, manually-curated, peer-reviewed and cell-type specific interactions from the MetaCore® database (non-connected clusters and genes were removed). Later manual network curation was performed with Cytoscape.[@cit0071]

From the original list of 220 coherently regulated SDEGs between F/PDGFRα and the non-stimulated PDGFRα-wt control as well as the verified activated signaling components (PDGFRα, PLCγ, ERK1/2, STAT1, STAT3 and STAT5), we obtained a global PDGFRα-mutant gene regulatory network consisting of 108 nodes and 321 function relations. Similarly, a conventional "PDGFRα-wt regulatory network" was constructed by involving only the SDEGs between PDGF-AA stimulated conditions (14h) and non--stimulated control and the active conventional signaling, which resulted in a connected graph of 61 nodes and 135 edges. An overlay of both the mutant gene regulatory network and the wild type network is shown in [**Figure 8**](#f0008){ref-type="fig"}. The list of genes is provided in **Supplemental Table 2**.

Minimal essential network {#s0004-00012}
-------------------------

Identifying essential nodes/hubs is a way to decipher the critical key controllers within biochemical pathways or complex networks.[@cit0072] We performed network properties assessment using the Cytoscape plugin "CytoHubba" (<http://www.jsbi.org/pdfs/journal1/GIW09/Poster/GIW09S003.pdf>) to provide a topological analysis and allow the definition of a range of network properties which could be further used to evaluate the "essentiality" of the network nodes. The top 10 of the gene regulation network nodes ranked for their MCC (Maximal Clique Centrality) scores were used to generate a minimal essential network (MEN). The resulting MEN represents the functionally most relevant core of an Interactome model.[@cit0073]
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